Rare Hadean zircon grains represent the only direct sample of the Earth older than 4.0 Ga. As such, they have tremendous potential to illuminate our knowledge of this period of Earth's history for which there is no extant rock record. In this study we revisit the existing dataset, supplemented by new analyses, to identify those grains from which a robust age may be inferred. This rigorous filtering approach identifies four distinct zircon growth events in the Hadean between ca. 4.4 Ga and 4.0 Ga, and allows a reassessment of conclusions made from the determination of the O-and Hf-isotope systematics in these grains. Notably, we find no firm evidence for involvement of supracrustal reservoirs in zircon genesis prior to 4.15 Ga and, while our filtered Hf-isotope data support interpretations for a mafic protocrust, there are insufficient analyses to constrain its evolution accurately. Clearly, further work is required and needs to be conducted in a systematic manner that first seeks to establish both the age and homogeneity of any given grain before proceeding to other types of analysis.
Introduction
The continuous operation of some form of plate-recycling since at least 3.8 Ga (Shirey et al., 2008) has so effectively destroyed all vestiges of Earth's earliest crust that the only direct terrestrial evidence for the nature of the Hadean Earth comes from rare >4.0 Ga zircon grains preserved in much younger metasedimentary units, which presumably sampled contemporaneous extant (?exhumed) Hadean crust in the mid-Archean. While single xenocrystic zircon grains of Hadean age have been reported from the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 Acasta Gneiss in Canada (Iizuka et al, 2006) , the Itsaq Gneiss Complex in West Greenland (Mojzsis and Harrison, 2003) , localities in the North China Craton (Cui et al, 2013) and adjacent North Qinling Orogenic Belt (Diwu et al., 2013) , together with a single detrital zircon occurrence in Tibet (Duo et al, 2006) , the vast majority of Hadean zircon grains reported to date come from a small number of localities in the Yilgarn Craton (western Australia). Although individual occurrences have potential to yield important information about Hadean geodynamics, they are not amenable to detailed statistical treatment as presented herein. Hence we focus our study on the Yilgarn occurrences alone. Since their discovery in the mid-1980's (Froude et al., 1983; Shearer et al., 1985; Compston and Pidgeon, 1986) , Hadean (i.e. >4.0 Ga) zircon grains recovered from ca. 3.0 Ga metasedimentary units in the Yilgarn Craton, have been the subject of intensive geochemical and isotopic investigation to constrain the nature of Earth's earliest crust and surface environment. Coinciding closely in time with the development of in situ analytical methods, primarily ion microprobe (or Secondary Ion Mass Spectrometry, SIMS) uranium-thorium-lead geochronology pioneered by the Australian National University group (Clement et al., 1977; Compston et al., 1984) , Hadean zircon has been subject to an increasing diversity of analytical investigations, in many cases being chosen as the prime target for newly established methods, for example high-precision in situ SIMS measurements of oxygen isotopes (Valley, 2003) ,laser-ablation inductively-coupled mass spectrometry (LA-ICPMS) determination of hafnium isotopes (Hawkesworth and Kemp, 2006; Kemp et al, 2010; Harrison et al., 2005) , and atomprobe tomography (Valley et al., 2014) . Besides direct investigation of Hadean zircon grains, several analogue studies have attempted to correlate features of post-Hadean and even modern zircon (Grimes et al, 2007; Reimink et al., 2016) with those from the Hadean in order to infer a potential tectonic environment for the latter.
An exhaustive review of all the data obtained from Hadean zircon is beyond the scope of this paper.
Instead, we undertake a rigorous reassessment of a subset of published data from studies which present sufficient information to do so, as well as a set of newly acquired data from the Jack Hills, reported here for the first time. Our primary goal is to define a set of criteria enabling identification of those zircon grains from which geochemical and isotopic data can be interpreted as a true record of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 petrographic and geochemical conditions of their original crystallisation. We then use this filtered dataset to revisit some of the more far-reaching conclusions drawn from the existing data in an attempt to reconcile conflicting views that have emerged regarding Hadean tectonics. Since the investigation of Hadean zircon is ongoing, these criteria should further enable researchers generating new data to identify pristine Hadean zircon.
Hadean tectonics -a diversity of evidence, a dichotomy of interpretations
Two principal approaches that have generally been used to investigate the Hadean are (i) the study of ancient (<4.4 Ga) detrital zircon and (ii) inferences from post-Hadean isotopic reservoirs. In addition, planetary analogues (e.g. Mars) have potential to yield important insights into the Earth's missing early history. However, despite in-depth, innovative direct and indirect studies, there remains considerable ambiguity about processes on the Hadean Earth and, notably, a dichotomy of models. On the one hand, several lines of evidence from the Jack Hills detrital zircon suite have been used to support the existence of modern-style plate tectonics with subduction and well-developed continental (-type) crust on the Earth as early as 4.4 -4.5 billion years ago (Bell, et al., 2011; Bell et al., 2013; Bell et al.,2014; Cavosie et al., 2005; Cavosie et al., 2006; Harrison et al., 2008; Hopkins et al., 2008; Mojzsis et al., 2001; Peck et al, 2001; Wilde et al., 2001; Valley et al., 2002; Ushikubo et al., 2008; ) .
These include: (1) stable isotope data, indicating that the original host rocks to the zircon incorporated a significant amount of material formed on or near the Earth's surface and subsequently transferred to a middle-to lower-crustal level where they melted to generate the host magmas from which zircon crystallised (Cavosie et al., 2006; Mojzsis et al., 2001; Peck et al, 2001; Wilde et al., 2001; Valley et al., 2002; Ushikubo et al., 2008) ; (2) inclusion assemblages, dominated by quartz with less abundant K-feldspar, plagioclase, muscovite, biotite, and phosphates, that are interpreted to have formed under relatively low geothermal gradient similar to that pertaining to modern subduction zones (Peck et al, 2001; Hopkins et al., 2010) ; (3) Ti-in-zircon temperatures and rare earth elements (Watson and Harrison, 2005; Harrison et al., 2008; Peck et al, 2001; Maas et al., 1992) signatures in some zircon grains that have been interpreted to indicate crystallisation of these grains from evolved melts; (4) LuHf systematics potentially indicating existence of an early formed reservoir, similar to continental 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 crust in its degree of Lu depletion relative to Hf Blichert-Toft and Albarede, 2008 ).
Significant problems arise, however, when trying to extrapolate modern-style plate-tectonics into the Hadean. Plate-tectonics is characterised by production of isotopically juvenile basaltic melts at mid-ocean ridges, which are largely recycled back into the mantle on a relatively short time scale (tens to a few 100 Ma) at subduction zones. At the subduction zone, melting of both this crust and parts of the mantle above the subducting slab generates buoyant, felsic crust (ultimately the precursor to continents), resulting in an irreversible mantle-crust differentiation. Conversely, a number of observations suggest long-term (several 100 myrs) isolation of a Hadean "proto-crust", namely: (1) Lu-Hf systematics of the Jack Hills zircons, which shows no significant input of juvenile material into their source region (Kemp et al., 2010) , and similar evidence for Hadean sources in HadeanEoarchean TTG genesis from Acasta (Reimink et al., 2016; Bauer et al., 2017) and Greenland (Naeraa et al., 2012) ; (2) Pb-isotope systematics of Early Archaean rocks which require unusually radiogenic initial Pb compositions suggesting derivation from Hadean mafic protocrust (Kamber et al., 2003) ; (3) Th/Nb systematics of mantle-derived rocks throughout geological time, pointing to a progressive development of the crust-mantle system instead of early-formed and voluminous continental crust (Collerson and Kamber, 1999) ; and (4) graphite inclusions discovered in some of Jack Hills zircons (Menneken et al., 2007; Nemchin et al., 2008; Bell et al., 2015) which are inconsistent with a granite source. These observations have been used to propose an alternative view of the Hadean Earth characterised by a less differentiated basaltic crust (or "stable lid") and an absence of modern-style plate tectonics (Kamber et al., 2005; Kramers, 2007; Griffin et al., 2014; Zeh et al., 2014; Kamber, 2015) .
This apparent dichotomy of evidence needs to be taken into account when trying to formulate fully consistent models of the Hadean Earth. Consequently, proponents of subduction have to explain the apparent long-term isolation of Hadean crust while models excluding plate tectonics have to incorporate mechanisms that allow delivery of surface-derived materials to at least middle-low crustal levels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 The underlying issue with the interpretation of Hadean zircon data that has resulted in the existing diversity of opinions and models is the complexity of the studied zircon populations combined with a general lack of a comprehensive record of the analysed areas within the grains. This leads to difficulty in relating ages of specifically dated parts of the zircon grains to their O and Hf isotope systematics and trace element concentrations. Consequently, while in theory zircon provides the capability to establish a timeline for evolution of isotopic and chemical compositions prevailing during its formation, precise relationships between these compositions and ages are not very well constrained for the Hadean grains. This often precludes even determining accurate and precise crystallisation ages for Hadean zircon grains, which is a key prerequisite to extracting information about Hadean processes for several reasons. Firstly, a well-defined geochronological framework is needed to address the periodicity of magmatism during the Hadean, which clearly has implications for tectonic processes. Critically, is the continuum of 207 O, which has been argued as supportive of a wet cool Earth (Valley et al., 2002) , as well as to place age limits on the conditions recorded by inclusions in zircon (Hopkins et al., 2008) .
Nature of the problem
The current lack of an unambiguous chronological framework stems largely from shortcomings of the U-Pb systematics with currently achievable analytical precision. The U-Pb system in zircon is very commonly considered to be the geochronologist's "gold standard" (Ludwig, 1998) 
Geology of the Yilgarn occurrences
Old, > 3.9 Ga, zircon grains are found at five different localities within the Yilgarn Craton (Froude et al., 1983, Compston and Pidgeon, 1986; Thern and Nelson, 2012; Wyche et al., 2004) (Fig. 2) . Two of these are metasedimentary belts at Mt. Narryer and Jack Hills, consisting of alternating metaconglomerate, meta-sandstone and meta-pelite layers occurring as inliers within the Narryer Gneiss terrane (Spaggiari, 2007; Spaggiari et al., 2007) . This terrane, which is the oldest segment of the crust in the north-west part of the craton, is composed mainly of a mixture of ca. 3.7 and 3.3 Ga gneisses with some minor mafic to ultramafic rocks and anorthosites (Kinny et al, 1988; Kinny et al., 1996; Myers, 1993; Myers and Williams, 1985) .
A third location occurs within the Southern Cross Terrane to the south-south-east of the Narryer Gneiss terrane. This is a region within the Yilgarn Craton that consists of several greenstone belts, some of which are as old as about 3.0 Ga, while others are believed to represent a younger (~ 2. (Thern and Nelson, 2012; Wyche et al., 2004) .
Finally two zircon grains have been identified as xenocrysts in two late Archaean granite-gneisses.
One was found in a sample collected near Churla Well within the Narryer Gneiss terrane and another comes from the Beeara gneiss complex of the Murchison Terrane (Nelson et al., 2000) . Both grains exhibit heterogeneous ages from multiple analytical spots that nevertheless are in excess of 3.9 Ga.
The Jack Hills zircon
The Jack Hills detrital zircon population is the most studied group containing Eoarchean and Hadean (>4.0 Ga) zircon. As a result it is the only group of Hadean grains sufficiently large to permit a statistically robust assessment of the applicability and limitations of zircon mineralogical, chemical and isotopic characteristics necessary to formulating models of Earth's early evolution. Importantly, the question of source rocks of these zircon grains has rarely been raised and never addressed in any comprehensive way, despite the extensive chemical and isotopic studies of this population. It is generally either directly assumed or implied that these grains are magmatic in origin. For example, discussion of the Ti in zircon thermometer has normally developed around the question of whether the data reflect crystallization from low temperature granitic melts or a tendency of zircon to crystallise late in the magmatic evolution Nutman et al., 2006) , with the observed Ce anomaly suggested to indicate an oxidised source for the magma (Trail et al., 2007) . Likewise, enrichment in LREE observed in many Jack Hills grains has been discussed in terms of a feature imparted by crystallisation from felsic melts (Peck et al., 2001) , although secondary processes modifying original (magmatic) zircon have also been suggested ( Whitehouse and Kamber, 2002; Hoskin, 2005; Bell et al., 2016) . The main disagreement in the interpretation of Hf isotope data is whether it reflects felsic or mafic protoliths to the melts that crystallised Jack Hills zircon Blichert-Toft and Albarede, 2008; Kemp et al., 2010) . Oxygen isotopes are generally discussed in the context of the melt from which the zircon crystallised originating (or not) from (Mojzsis et al., 2001; Peck et al, 2001; Wilde et al., 2001; Valley et al., 2002; Nemchin et al., 2006) .
Zircon crystallisation is ubiquitous in igneous rocks (both volcanic and plutonic) ranging in composition from granite to diorite as well as some alkaline rocks. While zircon can also crystallise from some late residual fractions of gabbroic intrusions, it is comparatively rare in these rocks. Other lithologies with significant zircon are amphibolite to granulite facies metamorphic rocks with a pelitic to psammitic origin, as well as metamorphosed felsic igneous rocks and migmatites. There are only comparatively rare occurrences of zircon in some mafic granulites as well as high pressure metamorphic rocks. In addition, infrequent occurrences of hydrothermal and diagenetic to low grade metamorphism zircon have been reported in the literature. Most of this information is summarised in the special zircon volume of Reviews in Mineralogy and Geochemistry (e.g. Hoskin and Schaltegger, 2003; Corfu et al. 2003 and references therein).
The limited discussion of the origin of the Jack Hills zircon grains found in the literature is based on the trace element geochemistry of the grains rather than an analysis of internal structures revealed by imaging techniques such as BSE and CL. This approach relies on an assumption that concentrations of some trace elements such as REE, Y, Hf, U and Th vary systematically between zircon crystallising in different rock types (e.g. Belousova et al., 2002; Grimes et al., 2007; Grimes et al., 2015 , Chapman et al., 2016 . However, several studies have indicated significant difficulties in distinguishing zircon origin based on their trace element content due to an overall similarity or at least substantial overlap of the composition of zircon from different rocks (Hoskin and Ireland, 2000; Hoskin and Schaltegger, 2003) .
Analogous to the chemical overlap between zircon from diverse types of sources, zircon of different origin show some similarity in their internal structures. Consequently a combination of internal structure studies with trace element analysis appears to be the most promising approach to make a link Figure 3 show fine concentric zoning commonly attributed to zircon crystallising from the melt (Corfu et al., 2003) . Thicker, but still concentric bands exhibited by grains D, E and F can be also interpreted as magmatic in origin (Corfu et al., 2003) . In contrast, internally homogenous sector zones in grains J, K and L are often found in high grade metamorphic rocks (Corfu et al., 2003 , Vavra et al., 1996 Vavra et al., 1999) . Similarly some of the fir-tree to sector to "cross-bedded" zoning in grains G, H and I is often interpreted as solid state zircon crystallisation associated with high grade metamorphism (Vavra et al., 1996; Vavra et al., 1999) , although these features can be also attributed to crystallization in late magmatic or anatectic melts.
Similar zoning is also visible in the tips of grains C and F. Grains M, N and O show complex internal structures that are difficult to link to a single process, but importantly they do not appear to represent simple crystallisation from a magma.
The presence of internal complexity in Jack Hills zircon questions the validity of some constraints related to early Earth evolution made on the basis of zircon isotope studies, especially in the absence of a clear link between most of the isotope data and the internal structures of the analysed grains.
Indeed, a large proportion of grains in the population exhibit features that could be interpreted as metamorphic in origin. It is ambiguous whether a heavy oxygen isotope signature, if confirmed in these "metamorphic" grains can still be interpreted as representing recycling of altered (e.g. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 assigned age on which modeling is based may in some cases be an artifact of Pb-loss and not a true crystallisation age.
There is no recognized consistent or correlated behavior between ages and type of internal structure of the grains, indicating that either both "magmatic" and "metamorphic" internal structures are present in the grains spanning entire range of ages observed in Jack Hills population or that the systematic behavior is masked by the earlier discussed difficulties with the estimation of accurate ages of the large number of grains in the population.
Filtering of the ancient data set 1: geochronology
Before addressing the significance of the dataset reviewed here, it is necessary to comment on the choice of ages in literature data and outline our preferences, which will then be applied to all data. As discussed above, 207 Given the potential ambiguity of a single age obtained from any ancient zircon grain, as discussed above, we have chosen here to restrict our assessment of the Hadean zircon population to those grains on which two or more spot analyses have been performed (Table 1 ). In addition to this criterion, we have also restricted the dataset to those grains yielding ages in excess of 3.8 Ga (i.e. early Eoarchean and Hadean). These criteria limit the data included in our study to those in Table 1, which lists 451 individual U-Pb spot analyses that have been performed on 142 zircon grains together with their source. Of these data, 133 analyses on 54 grains are presented here for the first time (analytical methods pertaining to these are summarised in Table 1 ).
The data filtered according to these criteria are subdivided into three basic groups. Group 1 grains are those from which all analyses are concordant within stated uncertainties and consistent in age so that should be substituted (i.e. the grain reassigned to group 2b or group 3b), but for this compilation and data analysis, our preference is to retain them as combined ages, albeit at lower precision.
Results of the data filtering exercise are presented in probability density plots (PDPs) in Fig. 4 . The unfiltered dataset comprises a total of 451 analyses, performed on 142 grains, whose 207 Pb/ 206 Pb ages are plotted in Fig. 4a irrespective of concordance and filtered for <10% and <2.5% discordance, resulting in remaining populations with n = 335 and n = 214 analyses, respectively. The PDP shows a Filtering on the basis of limiting the degree of discordance , while a common practice in detrital zircon populations, for example at the 5 or 10% level, is additionally 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 noise between these peaks. If only concordia ages from two or more analyses are considered, the number of grains retained drops to 45 (39%), corresponding to 112 (25%) analyses and much of the noise between the prominent peaks is eliminated. The most extreme filtering, illustrated in Fig 4d, considers only those grains from which Concordia ages have been obtained from three or more analyses, limiting the retained dataset to 46 analyses from 13 grains (both ~ 10% of the original grain/analysis dataset). At this level of rejection the four prominent peaks identified earlier remain, with small shoulders on the lower age side of the oldest 4.37 Ga peak and the higher age side of the ca.
4.1 Ga peak indicating the possibility of two additional age populations.
Filtering of the ancient data set 2: oxygen isotopes
Of the 46 grains where Concordia ages from two or more analyses have been obtained, 25 have been analysed multiple times for their oxygen isotope composition ( O values less than 5‰ and although two of these overlap within the 2σ uncertainty limit on mantle-derived zircon, the third, which is in fact the oldest grain in this compilation, is significantly lower than the mantle derived zircon range, indicating a possibility either of:(1) processes similar to those involved in alteration of modern basaltic crust by sea water affecting the igneous precursor of the three zircon grains or (2) zircon alteration postdating its formation that is not detectable in analyses of the U-Pb system. Only one grain, with an age of 4153 Ma, has an average δ 18 O value of 7.8±0.4 ‰ (Fig. 7) , which might provide evidence of recycling of supracrustal rocks or melting of hydrated upper oceanic crust (or its Hadean analog) with elevated δ 18 O ( Muehlenbachs and Clayton, 1976 
Filtering of the ancient data set 3: hafnium isotopes
A general problem in the investigation of Hf isotope systematics in complex zircon grains, such as the Jack Hills detrital population, is assigning correct U-Pb age for initial ε Hf estimation and plotting ε Hf vs. time (Vervoort and Kemp, 2016) . Taking into account the overall heterogeneity of the Jack Hills zircon grains, using single SIMS U-Pb ages combined with the results of ICP MS Hf analyses (e.g. Harrison et al., 2005) is problematic as the volume of material used by two techniques is dramatically different and the possibility of sampling across zones with different crystallisation age cannot be discounted . Furthermore, as discussed above, within the typical uncertainty limits of in situ methods it is common that even in a single growth zone, variable degrees of essentially undetectable ancient Pb-loss can result in ages that appear concordant but inaccurately reflect crystallisation age. In order to try to avoid these complications, Kemp et al (2010) (Fisher et al., 2014) , has issues with sample volume. Specifically for the Jack Hills zircon grains that are documented to be inhomogeneous with respect to age, a larger sampled volume increases the possibility of underestimating the age (Fig. 8) by either mixing of different domains with significantly different ages or inability to detect ancient Pb-loss. from which the oldest concordant grain age has been selected. In all cases, the selected SIMS age, whether a concordia age or oldest concordant age, is the same or older that the concurrently determined 207 Pb/ 206 Pb age, and for these filtered grains, the Hf isotope result is plotted using the SIMS age. Using this limited subset of the Hf data to generate a meaningful trend line is impossible, although they remain broadly consistent with the trend of the complete data set.
Comparison of filtered data and previously reported U-Pb, O and Hf results
Several publications present probability distribution and/or histogram plots of 207 Pb/ 206 Pb ages of Jack Hills zircon based on significantly different number of analyses ranging from a few tens of grains older than 3.8 Ga analysed (e.g. Cavosie et al., 2004 ) to a few thousand (e.g. Holden et al., 2009; Trail et al., 2013) . The latter shows a continuous (almost bell shaped) distribution of ages between 4.37 and 3.85 Ga with a maximum at about 4.05 Ga (Figure 9 ). This contrasts sharply with the three main peaks between about 4.2 and 4.0 Ga identified in the filtered data set presented here. It is possible that this comparison is invalidated by the significantly different number of analyses used to constrain these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 plots. However, the probability density distribution of 207 Pb/ 206 Pb ages presented by Cavosie et al. (2004) is based on a number of analyses very similar to our filtered data set, but shows a distribution pattern more similar to that of Holden et al. (2009) , suggesting that the apparently continuous distribution appearing in ages of Jack Hills zircon population can be related to the unrecognised analysis of mixed age domains with different and/or partly disturbed ages. Regardless of preferences in the interpretation of the observed discrepancy between age distribution patterns, the existence of this discrepancy highlights that a correct understanding of age patterns exhibited by the Jack Hills detrital population requires careful additional analytical work guided by CL images of the grains, with the goal of identifying convincingly different aged domains with internally consistent behaviour of UPb system within a statistically significant number of individual zircon grains. Filtering of the Hf data results in just a very few analytical points that can be considered reliable (Figure 11 ). This small number of points makes it difficult to constrain any trends on  Hf vs. age diagram with any degree of confidence and clearly indicate the need for additional analytical work .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 Nonetheless, the small dataset lacks positive  Hf values that are common in some other studies of Hf systematics in Jack Hills zircon (e.g. Blichert- Toft and Albarède, 2008; Harrison et al., 2005) . Equally absent in the filtered data are results with very negative  Hf values, commonly attributed to the upper continental crust sources.
Conclusions
Based on a rigorous filtering of the available U-Pb, O, and Hf isotopic data (both previously published and newly presented data), it is clear that only a rather small subset can be used to confidently place constraints on timing and processes in the Hadean. Specifically, of the already limited selection of 142 zircon grains admissible to our study on the basis of their having been analysed with at least two spots, only 45 grains yield consistent ages, which drops to only 13 grains if the additional criterion that the Concordia ages require at least three analyses is applied. This filtering yields robust groups of ages at ca. 4.37 Ga, 4.15 Ga, 4.10 Ga and 4.02 Ga, which we interpret to represent likely zircon growth events during the Hadean, although the nature of these events remains obscure, for example whether they represent significant episodes of felsic crust generation, limited pockets of evolved magma in an essential mafic protocrust, a result of impact melt generation, a profound metamorphic resetting event, or several of these processes. Applying our filtering criteria to other diagnostic isotope systems commonly applied to Hadean zircon, we find that only a handful of the determined δ 18 O values (also only admitted to the study when they have been analysed more than once in a given grain) are backed up by "robust" geochronology and of these, only one is elevated out the range of values that could be attributed to magmatic fractionation, possibly reflecting interaction with a supracrustal reservoir at 4.15 Ga. No older grains unambiguously support such interaction, regardless of the robustness of their ages. For the Lu-Hf system in zircon, accurate age determination is essential to the calculation of initial ratios, which may then be used potentially to infer tectonic environments, for example in the Hadean, continental-type or mafic protocrust. Applying our age filtering to the dataset produced by Kemp et al. (2010) with ages modified to those from multiple SIMS analyses instead of the slightly younger concurrently acquired LA-ICPMS ages, only five grains are retained, of which only one meets our most rigourous criteria of at least three spot U-Pb age analyses. While broadly consistent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   18 with the previous interpretation of a mafic protocrust, these data are not amenable to calculation of source Lu/Hf ratios. Given that a large proportion of the geochronological data obtained from the Jack Hills detrital zircon suite are barely (or not) fit for the purpose to which they are being used, we recommend that future studies follow a protocol of grain imaging by CL and/or BSE and careful, multiple spot in situ U-Pb analysis in order to provide a rigorous geochronological framework prior to embarking on further isotope work and consequent interpretations. In this regard, the recently developed SIMS ion imaging method for visualising full intra-grain U-Th-Pb systematics (e.g. Bellucci et al. 2016) provides an additional discriminatory tool. We stress that our call for a rather laborious approach does not preclude the use of a rapid pre-screening method to identify particular age groups of interest, but ages obtained by such methods need to be confirmed by such a protocol before being used for other purposes. We note that studies of detrital zircon in general are commonly plagued by similar concerns to those outlined herein for the Hadean zircon suite and our recommendations are equally relevant to these studies.
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